Statement of Translational Relevance:
In EGFR-mutant lung cancer, the T790M gatekeeper mutation is a dominant mechanism of acquired resistance to small molecule tyrosine kinase inhibitors. The development of third-generation EGFR inhibitors capable of overcoming T790M-associated resistance has led to a need for non-invasive methods of T790M detection to guide the selection of therapy. Here we describe an exploratory study comparing genotyping, using either circulating tumor cells or circulating tumor DNA versus concurrent tumor biopsies, for the T790M mutation in patients with non-small cell lung cancer progressing on first line EGFR inhibitors. While generally comparable, genotyping was not identical using the three methods likely reflecting both technical and biological differences in the heterogeneous landscape of drug resistant tumor populations. We conclude that no single diagnostic test for acquired resistance, including tumor biopsy, can be considered a "gold standard" and the clinical utility of blood-based testing will need to be prospectively validated against clinical outcomes. However, the vast majority acquire resistance after 12-24 months of treatment (2) (3) (4) .
Serial tumor biopsies, autopsy studies, and preclinical modeling experiments have defined multiple pathways by which EGFR-mutant NSCLC develop TKI resistance.
These include acquisition of the recurrent T790M "gatekeeper" mutation which reduces and conversion to small cell lung cancer (SCLC) (10, 11) . T790M accounts for over half of resistance to gefitinib and erlotinib, and the recent development of covalently binding, irreversible inhibitors that effectively target T790M (3 rd -generation EGFR TKIs) presents an urgent need for methods to identify this mutation (12, 13) .
Repeat tumor biopsies from patients with acquired resistance were initially obtained through research efforts to ascertain mechanisms of resistance (5, 6) but are now recommended in NCCN guidelines to help select second-line therapies (14) .
However, such biopsies are associated with both risk and discomfort and may not always supply enough tumor tissue for genetic analyses. Moreover, in patients with multiple metastases, which may be heterogeneous with respect to their acquired mutations, selection of a single site for biopsy may not provide a representative profile shown that an allele-specific assay can detect the emergence of T790M during first-line therapy (16) . More sensitive microfluidic CTC capture technologies (17) combined with more sensitive genotyping assays are now poised to provide a robust approach for CTC-based genotyping. Similarly, plasma circulating tumor DNA (ctDNA) may be used as a source of tumor-derived genetic material. ctDNA is shed into the vasculature from tumor deposits, and while ctDNA is more plentiful than DNA derived from CTCs, nucleic acid analyses are complicated by the high background of cell-free DNA shed from normal cells. Both technologies are evolving rapidly and will play important roles in monitoring patients with EGFR-mutant NSCLC (18) (19) (20) (21) (22) (23) (24) scheduled to have a repeat tumor biopsy at the time of acquired resistance to an EGFR TKI had coincident blood sampling for CTC and ctDNA analyses.
MATERIALS AND METHODS

Study Design
We performed a pilot study in a prospective, multi-institution fashion between 2012 and 2013. The primary objectives were to demonstrate the feasibility of testing for Table S1 ).
Blood collection was performed within 30 days of the repeat biopsy (either before or after) and consisted of three 10-mL tubes of peripheral blood in ethylenediaminetetraacetic acid (EDTA)-containing vacutainers. The blood samples were transported to the local CTC lab at each institution within 6 hours of being drawn for processing. The protocol was approved by the local IRB at each site, and all patients 
CTC Isolation and Molecular Analyses
As part of the CTC SU2C Dream Team collaboration, the Herringbone CTC technology ( Hb CTC-Chip) developed at MGH was established at each collaborating institution using extensive training and quality control procedures. Whole blood collected from patients was divided into discrete aliquots for CTC isolation, plasma isolation, and exploratory material. CTCs were isolated using the (26) . Plasma DNA extracts were analyzed for the presence of the T790M mutation using the cobas® EGFR Mutation Test v2 (Roche Molecular Systems, Inc., Pleasanton, CA) as previously described (26) .
Statistical Considerations
Categorical variables were tabulated by frequency and percentage.
Measurement of diagnostic concordance among genotyping methods was done using
Cohen's kappa, and McNemar's test used to judge significance. Percent agreement values were calculated based on the main diagonal in 2x2 tables and are provided with 95% Exact Binomial CI. Post-hoc power analysis to test the alternative hypothesis that %agreement will be at least 20% greater than 50% assumed under the null suggest that the study has between 72% to 80% power (for 21 to 30 matched pairs) with target 
RESULTS
Patients and biopsy-derived genotypes
Forty-two patients were enrolled ( Figure 1 ). Two withdrew consent before the study blood samples were drawn; no data were collected for these patients and they are not included in the analyses. Clinical characteristics of the 40 patients studied are summarized in Table 1 . Among these, 29 (73%) patients had an exon 19 deletion EGFR mutation, 8 (20%) had the recurrent L858R mutation and 3 (8%) had other rare variants.
All but four were on an EGFR TKI at study enrollment.
The majority of tumor samples were obtained from biopsies of lung tumors (38%), pleural masses (8%), or pleural fluid aspirates (10%). Overall, 30 (77%) patients had a biopsy with sufficient tumor tissue for genotyping, although pleural fluid aspirates were non-diagnostic in all four cases (Table 2) . Among the patients with sufficient material for genotyping, the T790M mutation was detected in 14/30 (47%) patients (see Supplementary Table S2) proximity to the blood draw. Thirty-six patients had additional tumor biopsies; 16 were done in the setting of acquired resistance to an EGFR TKI. The added resistance biopsies either preceded the study (8 cases; 2-49 months) or were done subsequently (8 cases; 5-15 months). Among 10 cases for which genotyping was not successfully performed using the primary study biopsy specimen, additional resistance biopsies were available in 7 cases (T790M-positive in 6 cases and negative in 1 case) while the other three patients had additional tissue biopsies done prior to the development of clinical resistance. Altogether, 25/40 (63%) patients had the T790M mutation detected in at least one biopsy sample.
CTC and ctDNA-derived genotypes
Blood was collected from 37 patients for CTC isolation. Twenty-eight CTC isolates (76%) had enough genetic material for genotyping, and the T790M mutation was demonstrated in 14/28 (50%) cases with the remaining 14 cases sequenced as wild-type at this nucleotide position. Among 21 patients with sufficient material for concurrent CTC and tumor biopsy-derived genotyping, 12 (57%) were concordant for T790M mutation status (κ = 0.137; Figure 2A ). For 5 patients in whom CTCs were T790M-positive but the concurrent study biopsy was negative, additional biopsies were T790M-positive in 3 cases. Thus, when all biopsies were considered (rather than just the concurrent primary study biopsy), the percent agreement between CTC and tissue biopsy was 74% (κ = 0.485; Table 3 ). Notably, tumor biopsy and CTC analyses were complementary in providing information for patients with non-diagnostic procedures. For instance, of the 10 patients with insufficient biopsy material, 7 had successful CTCderived genotypes, of which 5 were concordant with an alternate tumor biopsy.
Research. 
Circulating tumor DNA was available from 32 of the 37 collected blood samples, with T790M detected in 16 (50%) and the remaining 16 samples wildtype at this nucleotide position. Among the 25 patients with sufficient material for concurrent ctDNA and tumor biopsy-derived genotyping, 15 (60%) were concordant for T790M mutation status (κ = 0.194; Figure 2B ). For 6 patients in whom plasma analysis was T790M-positive but the concurrent study biopsy was negative, additional biopsies were T790M-positive in one case. Thus, when all biopsies were considered (rather than just the concurrent primary study biopsy), the percent agreement between ctDNA and tissue biopsy was 61% (κ = 0.228; Table 3 ). The null hypothesis of agreement between the methods was not rejected for any test. Contingency tables for these statistics are also presented separately in Supplementary Figure S2 .
Material for matched CTC-and ctDNA-derived genotyping was available in 23 cases, of which 15 (65%) were concordant for T790M mutation status (κ = 0.298; Figure   2C ). Among the 8 discordant cases, the CTC genotype matched the concurrent tumor biopsy in 4 cases (6 for all tumor biopsies) and the ctDNA genotype matched the biopsy in 3 cases (2 for all tumor biopsies). When both blood-based analyses were combined, T790M genotyping was successful in 37/37 (100%) cases for which a blood sample was drawn for analysis (37/40 (93%) of all cases). The combination of CTC and ctDNA genotyping also identified the presence of T790M in 14 (35%) patients in whom the concurrent biopsy was indeterminate or T790M negative. Overall T790M positive, negative, and non-diagnostic results are summarized per genotyping modality in Figure   3 .
DISCUSSION
In this prospective multi-center pilot study, we examined patients with EGFRmutant tumors who had acquired resistance to an EGFR TKI and compared the results of blood-based T790M genotyping, using either CTCs or ctDNA, with standard clinical platforms for tumor biopsy-based genotyping. Our study produced two main findings: 1) both CTC-and ctDNA-based genotyping results are generally comparable, although not identical, to those derived from tissue-based genotyping, and 2) at a single point in time, each of the three modalities were non-diagnostic for the T790M genotype in about onequarter of patients. Together, these observations provide an initial framework with which to consider the application of non-invasive blood-based genotyping in the clinical management of patients with lung cancer developing resistance to first-line TKIs. or aspirate. This failure rate is higher than prior single center reports of genotyping lung cancer patients at the time of diagnosis (27, 28) , but it is in line with prior multicenter studies and likely reflects real world results (29) . Although it has been successful in other settings (30, 31) , in our cohort, thoracentesis was a particularly unsuccessful method, with none of the four samples yielding sufficient material for genotyping.
While no serious complications were reported from tumor biopsies performed in this study, non-invasive blood-based assays have an inherent appeal in terms of risk and patient comfort. They also have a theoretical advantage of sampling tumor cells from multiple lesions, whereas a biopsy is restricted to a single site of disease. In our cohort, the frequency of successful blood-based genotyping (70 and 80% for CTCs and ctDNA, respectively) was comparable to that of diagnostic tumor biopsies, and importantly, failures were non-overlapping among the three platforms. When considered as combined or complementary methods, genotyping from CTC or ctDNA was successful in 100% of cases for which a blood sample was drawn (93% of all cases). Furthermore, our protocol only included blood sampling at a single point in time, within 30 days of the biopsy around which the patient's enrollment was based. Serial blood draws for CTCs or ctDNA analyses may have further improved their independent success rates, with minimal added risk to patients. Indeed, such serial monitoring of EGFR Exon 19 deletions, L858R, and T790M mutations in plasma indicates that mutation detection is correlated with initial response to erlotinib as well as disease progression (26, 32) . In other malignancies such as breast cancer, ctDNA detection sensitivity is significantly increased with serial sampling (33) . (34) . Nonetheless, this study represents the first prospective evaluation of a microfluidic CTC isolation platform across multiple institutions, demonstrating feasibility in dissemination and standardization of the technology. Similarly, ctDNA genotyping was performed using an adapted FDA-approved companion diagnostic for EGFR mutation testing, but next generation genotyping and sequencing strategies will continue to emerge (19, 24) , and the relative advantages of various technologies will require continued reappraisal.
Perhaps the most intriguing considerations emerging from our study are the potential biological differences inherent in blood-based sampling versus tumor biopsy.
As demonstrated in several reports, acquired resistance to TKIs is frequently heterogeneous, with different metastatic tumor deposits demonstrating distinct underlying mechanisms (15, 35, 36) . Discrepancies between a single tumor biopsy and blood-based sampling may result in part from the fact that the latter likely includes material from multiple disease sites. In contrast to acquired resistance-associated mutations like T790M, each initial EGFR sensitizing mutation is an early "truncal" event in the pathogenesis of lung adenocarcinoma, and previous studies have not detected significant heterogeneity across multiple biopsies (5, 37) . Indeed, for the primary EGFR driver mutations L858R and Exon 19 deletions, the concordance between ctDNA-based and tumor biopsy-based genotyping was markedly higher than it was for the secondary T790M mutation (97 and 87%, respectively, versus 60%; Supplementary Figure S3 Table S3 ). Thus, the subclonal genetic landscape of secondary drug resistance-associated mutations may contribute in large part to the discordant cases in our analysis.
In addition to their differences with respect to tumor biopsies, CTCs and ctDNA themselves represent different biological processes: the former constitutes an invasive subset of cancer cells capable of intravasating into the vasculature, while the latter reflects lysis of cells from tumor deposits. Given these biological considerations, establishing a true technological "gold standard" for tumor genotyping may be challenging, and these assays may instead require standardization based on functional consequences, namely their ability to predict therapeutic responsiveness. Early studies show the majority of patients with the T790M mutation detectable on a tumor biopsy respond to 3 rd -generation T790M-selective TKIs, although some patients whose tumor is scored as T790M negative also respond. This discrepancy may reflect inadequate sampling in the setting of tumor heterogeneity. In fact, eight patients in our study who had indeterminate or T790M-negative study biopsies but had T790M detected using a blood-based method went on to receive the 3 rd generation EGFR inhibitors AZD9291 or CO-1686 and had clinical data available for review. Of these, five patients had disease stabilization or partial response. In this context, the combination of CTC-and ctDNAgenotyping together identified T790M in a total of 14 (35%) patients in whom the concurrent study biopsy was either negative or indeterminate, potentially identifying additional patients with disease responsive to 3 rd -generation EGFR inhibitors. When all three concurrent genotyping modalities (study biopsy, CTC, and ctDNA) were combined, the T790M mutation was detected in 73% of patients. 
Our study was nearly completed before the 3 rd -generation EGFR TKIs entered clinical trials at our institutions, hence further study will be required to correlate clinical response with the source of tumor cell genotyping. Specifically, if blood-based detection of T790M is shown to function as a predictive biomarker for mutant-selective TKIs, future studies may initially rely on such noninvasive serial monitoring assays as the first sign of drug resistance, reserving tumor rebiopsies for cases where blood-based testing is unrevealing. In addition, the relative clinical utility of CTC and ctDNA-based analyses will require further study as these technologies mature, as well as cost-based assessments. As the number of molecular diagnostic assays proliferate, our standards for their adoption will require ongoing refinement and clinical validation.
In conclusion, we studied the result of T790M genotyping from tumor biopsies, CTCs, and ctDNA in a prospective patient cohort derived from four SU2C collaborating institutions. Each analytic platform was non-diagnostic in a comparable but nonoverlapping fraction of cases, such that combining CTC-and ctDNA-derived analyses yielded successful genotypes from all available blood samples. Where T790M genotypes were measured from multiple sources, these were generally concordant, but divergent genotypes were also observed, potentially reflecting both technological 
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